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(57) ABSTRACT

In an optical multiplexing/demultiplexing device are
arranged 1n parallel and disposed on a substrate. The optical
multiplexing/demultiplexing device 1s disposed with three or
more Mach-Zehnder interferometers between the first and
second optical input/output ports. The optical multiplexing/
demultiplexing device divides, by wavelength, multiplexed
light comprising first light and second light whose wave-
lengths are different and which are input to one of the first
optical mput/output ports and outputs the multiplexed light
from each of the second optical input/output ports. The abso-
lute value of an optical path difference AL of each the Mach-
Zehnder mterferometers 1s constant. The optical multiplex-
ing/demultiplexing device includes one or more each of a pair
ol two successive Mach-Zehnder interferometers where the
sum of their optical path differences becomes +2AL or —2AL
and a pair of two successive Mach-Zehnder interferometers
where the sum of their optical path differences becomes O.
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OPTICAL
MULTIPLEXING/DEMULTIPLEXING
DEVICE

CROSS-REFERENCE TO RELATED 5
APPLICATION

This application claims priority under 35 USC 119 from
Japanese Patent Application Nos. 2008-029365 and 2008-
1’70095, the disclosures of which are incorporated by refer- 10
ence herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention 15

This mvention relates to an optical multiplexing/demulti-
plexing device that performs multiplexing and demultiplex-
ing of optical signals.

2. Description of the Related Art

In an optical subscriber loop system, 1t 1s necessary to 20
perform, by a single optical fiber, optical transmission from a
subscriber to a station, that 1s, uplink transmission, and opti-
cal transmission from the station to the subscriber, that is,
downlink transmission. For that reason, between uplink
transmission and downlink transmission, lights of different ;5
wavelengths are used. Consequently, an optical multiplexing/
demultiplexing device that multiplexes/demultiplexes these
lights of different wavelengths becomes necessary.

The optical multiplexing/demultiplexing device that 1s
used on the subscriber side 1s called an optical network unit 3¢
(ONU). Many ONUs that are presently used are configured
from a wavelength filter, a photodiode and a laser diode
whose optical axes are spatially optically combined. Further,
an ONU that renders optical axis combination unnecessary by
using optical waveguides 1s also known (e.g., see Japanese 35
Patent Application Laid-Open (JP-A) No. 8-163028).

Further, in recent years, an ONU that uses, as a waveguide
material, S1, which has excellent mass productivity, has gar-
nered attention. As this type of ONU, an ONU that uses a
Mach-Zehnder interferometer, an ONU that uses a directional 49
coupler, and an ONU that uses a grating are known.

However, a S1-made ONU that uses a directional coupler 1s
susceptible to wavelength shifts of the light source. Further,
the device becomes a size of the order of several hundreds of
wm, so 1t 1s difficult to make the device compact. 45

Further, 1n a Si-made ONU that uses a grating, 1t 1s neces-
sary for the period of the grating to be equal to or less than half
the wavelength, so 1t 1s difficult to fabricate the device.

Moreover, 1n a Si-made ONU that uses a Mach-Zehnder
interferometer, wavelength dependence, such as the equiva- 50
lent refractive index and the coupling coetficient of the direc-
tional coupler, 1s extremely large, so in the wavelength range
that 1s used by the ONU, crosstalk arises and light intensity
drops, so desired characteristics have been unable to be
obtained. 55

SUMMARY OF THE INVENTION

This mmvention has been made 1n view of the aforemen-
tioned problems. Consequently, 1t 1s an object of this mven- 60
tion to provide an optical multiplexing/demultiplexing device
that reduces crosstalk 1n the wavelength range that 1s used by
an ONU, controls 1ntensity loss more than convention, and
uses Mach-Zehnder interferometers that are capable of being,
made compact. 65

The mventors of this mvention arrved at being able to
achieve the aforementioned object by arranging in series

2

three or more Mach-Zehnder interferometers whose optical
path difference AL 1s constant and by arranging the Mach-
Zehnder 1interferometers such that there are one or more each
ol a pair where the sum of the optical path differences of a pair
ol two successive Mach-Zehnder interferometers becomes O
and a pair where the sum of the optical path differences of a
pair ol two successtive Mach-Zehnder interferometers
becomes +2 AL or -2 AL. That 1s, this invention has the
tollowing technical characteristics.

In an optical multiplexing/demultiplexing device of this
invention, first and second optical waveguides, one end of
cach of which 1s configured as a first optical imnput/output port
and the other end of each of which 1s configured as a second
optical 1put/output port, are arranged in parallel and dis-
posed on a substrate, and the optical multiplexing/demulti-
plexing device 1s disposed 1n series with three or more Mach-
Zehnder interferometers that are formed by the first and
second optical waveguides between the first and second opti-
cal iput/output ports of the first and second optical
waveguides.

Additionally, the optical multiplexing/demultiplexing
device separates, by wavelength, multiplexed light compris-
ing first light and second light whose wavelengths are differ-
ent and which are 1input to one of the first optical input/output
ports and outputs the multiplexed light from each of the
second optical input/output ports.

In this optical multiplexing/demultiplexing device, the
absolute value of an optical path difference AL with respect to
light that propagates through the first and second optical
waveguides 1n each of the Mach-Zehnder interferometers 1s
constant.

Moreover, the optical multiplexing/demultiplexing device
includes one or more each of a pair of two successive Mach-
Zehnder interferometers where the sum of their optical path
differences becomes +2 AL or -2 AL and a pair of successive
Mach-Zehnder interferometers where the sum of optical path
differences of the interferometers becomes 0.

By setting the optical path difference AL of each of the
Mach-Zehnder interferometers to a predetermined value
using the wavelengths of the first light and the second light,
the multiplexed light comprising the first light and the second
light that are input to either one of the first optical input/output
ports can be separated by wavelength and mputted/outputted
from each of the second optical input/output ports.

Specifically, for example, when the multiplexed light com-
prising the first light and the second light 1s input to the optical
multiplexing/demultiplexing device from one of the first opti-
cal input/output ports, the first light 1s outputted from one of
the second optical mput/output ports and the second light 1s
outputted from the other of the second optical input/output
ports.

Incidentally, 1n the first light and the second light, a reverse
process 1s also similarly satisfied, so, for example, the first
light that has been mput to the optical multiplexing/demulti-
plexing device from one of the second optical input/output
ports travels along the reverse path from what has been
described above, 1s multiplexed with the second light, and 1s
outputted from one of the first optical input/output ports.

That 1s, when the first light 1s an uplink signal from a
subscriber to a station and the second light 1s a downlink
signal from the station to the subscriber, this optical multi-
plexing/demultiplexing device can be caused to function as

an ONU.

Further, when the optical path difference AL 1n one of the
Mach-Zehnder interferometers 1s defined as (optical path
length of first optical waveguide—optical path length of sec-
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ond optical waveguide), two types of values that are AL and
—AL are calculated as the optical path difference.

Consequently, when a pair of two adjacent (successive)
Mach-Zehnder interferometers 1s considered, three types of
values that are 2 AL, 0 and -2 AL are calculated.

This optical multiplexing/demultiplexing device, 1s dis-
posed with one or more of a pair of Mach-Zehnder interfer-
ometers where the sum of their optical path differences
becomes 2 AL or =2 AL and 1s disposed with one or more of
a pair of Mach-Zehnder interferometers where the sum of
their optical path differences becomes O.

By configuring the optical multiplexing/demultiplexing
device 1n this manner, the wavelength band of light (second
light) that 1s mputted/outputted 1n a cross state to/from the
Mach-Zehnder interferometers and the wavelength band of
light (first light) that 1s inputted/outputted 1n a bar state can be
broadened.

In this optical multiplexing/demultiplexing device, when
A, and A, (A,>A,) respectively represent the wavelengths of
the first light and the second light inside the first and second
optical waveguides, it 1s preferred that AL 1s given by the
following expressions.

AL=2m+1)xA; and AL=2mx A, (where m is a natural
number)

(1)

By configuring the optical multiplexing/demultiplexing
device 1n this manner, the first light of wavelength A, propa-
gates through the optical multiplexing/demultiplexing device
in a bar state. Further, the second light of wavelength A,
(A=A, ) propagates through the optical multiplexing/demul-
tiplexing device 1n a cross state. As a result, the optical mul-

tiplexing/demultiplexing device can separate the wave-
lengths of the first light and the second light.

In this optical multiplexing/demultiplexing device, 1t 1s
preferred that the first light 1s outputted 1n a bar state from one
of the second optical input/output ports and that the second
light 1s outputted 1n a cross state from the other of the second
optical input/output ports.

In this optical multiplexing/demultiplexing device, 1t 1s
preferred that first and second optical waveguides are formed
using S1 as a material.

By configuring the optical multiplexing/demultiplexing
device 1n this manner, the optical multiplexing/demultiplex-
ing device can be manufactured easily utilizing a S1 semicon-
ductor device manufacturing process.

In this optical multiplexing/demultiplexing device, 1t 1s
preferred that cross-sectional shapes, orthogonal to the light
propagation direction, of the first and second optical
waveguides that configure bend waveguide sections of the
Mach-Zehnder interferometers are square, and that cross-
sectional shapes, orthogonal to the light propagation direc-
tion, of the first and second optical waveguides that configure
directional coupler sections of the Mach-Zehnder interferom-
cters are rectangular where the length 1n a direction perpen-
dicular to a main surface of the substrate 1s longer than the
length 1n a direction parallel to the main surface of the sub-
strate.

By configuring the optical multiplexing/demultiplexing
device 1n this manner, it can be ensured that the optical mul-
tiplexing/demultiplexing device 1s not dependent on polariza-
tion.

In this optical multiplexing/demultiplexing device, 1t 1s
preferred that the bend waveguide sections are formed by a
straight waveguide and by a plurality of curve waveguides
whose radu1 of curvature are equal.

5

10

15

20

25

30

35

40

45

50

55

60

65

4

By configuring the optical multiplexing/demultiplexing
device 1n this manner, loss of the first light and the second
light 1n the optical multiplexing/demultiplexing device can be
reduced even more.

In the aforementioned optical multiplexing/demultiplex-
ing device, 1t 1s preferred that the optical path difference AL 1s
determined utilizing the wavelength dependence of the
equivalent refractive index of the material that configures the
first and second optical waveguides.

In the aforementioned optical multiplexing/demultiplex-
ing device, 1t 1s preferred that the material that configures the
first and second optical waveguides 1s Si.

In the aforementioned optical multiplexing/demultiplex-
ing device, it 1s preferred that, when AA represents the wave-
length difference between the first light and the second light,
An represents the equivalent reifractive index difference
between the first and second optical waveguides that the first
light and the second light experience, and m 1s a positive
integer, the following expression (15) 1s satisfied and the
optical path difference AL satisfies the following expression

(16).

A= 1=ANI Y (2m)=AN A, (15)

23, AL ho=(1 =AM (AN M+ An/2,) (16)

Here, n, 1s the equivalent refractive index of an optical
waveguide that the second light experiences.

In another optical multiplexing/demultiplexing device per-
taining to this imnvention, first and second optical waveguides,
one end of each of which 1s configured as a first optical
input/output port and the other end of each of which 1s con-
figured as a second optical input/output port, are arranged 1n
parallel and disposed on a substrate, and the optical multi-
plexing/demultiplexing device 1s disposed 1n series with three
or more Mach-Zechnder interferometers that are formed by the
first and second optical waveguides between the first and
second optical input/output ports of the first and second opti-
cal waveguides.

Additionally, the optical multiplexing/demultiplexing
device separates, by wavelength, multiplexed light of N
wavelengths (where N 1s an integer such that N=3) whose
wavelengths are different and which are input to either one of
the first optical input/output ports, outputs light of (N-1)
wavelength (where 1 1s an integer such that 1=1=N-1) from
the second optical put/output port of the first optical
waveguide, and outputs light of 1 wavelength 1s outputted
from the second optical input/output port of the second opti-
cal waveguide.

Here, when m 1s an integer equal to or greater than 1, the
absolute value of an optical path difference AL with respect to
light that propagates through the first and second optical
waveguides 1n each of the Mach-Zehnder interferometers 1s
constant

Moreover, the optical multiplexing/demultiplexing device
includes one or more each of a pair of two successive Mach-
Zehnder interferometers where the sum of their optical path
differences becomes +2 AL or -2 AL and a pair of two
successive Mach-Zehnder interferometers where the sum of
their optical path differences becomes O.

Further still, the following expression (15)' and expression
(16)" are simultaneously satisfied.

An/n, =Am{—ANA ) (2m)=AMA, (15)

21 AL/, =2m=Am{1-ANI (AN +An/n ) (16
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Am 1s an integer that 1s given by 2-N, A_ 1s a reference
wavelength, and n_ 1s the equivalent refractive index of an
optical waveguide that light of the reference wavelength
experiences.

This mnvention has the aforementioned technical character-
istics. Thus, there 1s obtained an optical multiplexing/demul-
tiplexing device that reduces crosstalk in the wavelength
range that 1s used by an ONU, controls intensity loss more
than convention, and uses Mach-Zehnder interferometers that
are capable of being made compact.

BRIEF DESCRIPTION OF THE DRAWINGS

A preferred exemplary embodiment of the present inven-
tion will be described 1n detail based on the following figures,
wherein:

FIG. 1A 1s a plan diagram of an optical multiplexing/
demultiplexing device of this exemplary embodiment;

FIG. 1B 1s a side diagram of the optical multiplexing/
demultiplexing device of this exemplary embodiment;

FIG. 2A 1s a plan diagram of a Mach-Zehnder interferom-
eler,

FIG. 2B 1s a cut end surface diagram of a cut surface along
line A-A of FIG. 2A;

FI1G. 2C 1s a cut end surface diagram of a cut surface along
line B-B of FIG. 2A;

FI1G. 3 15 a plan diagram schematically showing the struc-
ture of a Mach-Zehnder interferometer;

FI1G. 4 1s an enlarged plan diagram of relevant portions of
a bend waveguide section;

FIG. 5 1s a diagram showing the relationship between R/AL
and 0 and the relationship between L, /AL and 0;

FIG. 6A 1s a simulation result showing the relationship
between coupling lengths and first and second optical
waveguide widths for making directional coupler sections
polarization-independent;

FIG. 6B 1s a simulation result showing the relationship
between coupling lengths and first and second optical
waveguide widths for making directional coupler sections
polarization-independent;

FI1G. 7 1s a diagram provided for describing operating char-
acteristics of the optical multiplexing/demultiplexing device
of this exemplary embodiment;

FIG. 8 A 15 a diagram showing a modification of the optical
multiplexing/demultiplexing device;

FIG. 8B 1s a diagram showing a modification of the optical
multiplexing/demultiplexing device;

FI1G. 9 1s a diagram provided for describing a modification
of the optical multiplexing/demultiplexing device;

FIG. 10 1s a stimulation result for determining An and n_;
and

FI1G. 11 1s a characteristic diagram where expression (15) 1s
graphed.

DETAILED DESCRIPTION OF THE INVENTION

Below, an exemplary embodiment of this invention will be
described. It will be noted that each drawing only generally
shows the shape, size and the arrangement relationship of
cach component to the extent that this invention can be under-
stood. Further, below, a preferred configural example of this
invention will be described, but the material and numerical
condition of each component are simply preferred examples.
Consequently, this invention 1s not limited 1n any way to the
exemplary embodiment below. Further, in each of the draw-
ings, identical reference numerals are given to common com-
ponents, and sometimes description thereot will be omatted.
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(Structure)

The structure of an optical multiplexing/demultiplexing
device 10 of this exemplary embodiment will be described
withreference to FIG. 1A to F1G. 9. FIG. 1A 1s aplan diagram
of the optical multiplexing/demultiplexing device 10. FIG.
1B 1s a side diagram of the optical multiplexing/demultiplex-
ing device 10. It will be noted that, in FIG. 1A and FIG. 1B,
diagonal lines are administered to regions that represent first
and second optical waveguides 14 and 16 taking 1n consider-
ation the ease of understanding the drawings.

Referring to FIG. 1A, the optical multiplexing/demulti-
plexing device 10 1s formed by a substrate 12 and first and
second optical waveguides 14 and 16. The substrate 12 1s
configured 1n a rectangular parallelepiped shape, {for
example, from a bottom layer 12a whose matenal 1s single
crystal silicon and a top layer 125 that serves as a clad whose
material 1s a silicon oxide film. Additionally, 1n the top layer
125, the first optical waveguide 14 and the second optical
waveguide 16 that serve as cores whose material 1s single
crystal silicon are arranged 1n parallel and disposed.

The first and second optical waveguides 14 and 16 are
disposed 1n positions where their depths measured in a thick-
ness direction from a tlat first main surface 12¢ of the sub-
strate 12 are equal. Further, a distance d between the bottom
layer 12a and the first and second optical waveguides 14 and
16 1s ordinarly configured to be equal to or greater than 1 um
in order to prevent light leakage to the bottom layer 12a.

The first optical waveguide 14 1s disposed with a first
optical input/output port 14a in one side surface 12¢ of the
substrate 12. The first optical waveguide 14 1s also disposed
with a second optical mput/output port 145 1n another side
surtace 12d of the substrate 12.

Similarly, the second optical waveguide 16 1s disposed
with a first optical mput/output port 16a in the one side
surface 12¢ of the substrate 12. The second optical waveguide
16 1s also disposed with a second optical input/output port 165
in the other side surface 124 of the substrate 12.

In this exemplary embodiment, as one example, between
the first optical input/output ports 14a and 16a and the second
optical mput/output ports 145 and 165, four Mach-Zehnder
interferometers 18, 20, 22 and 24 that are formed by the first
and second optical waveguides 14 and 16 are formed 1n series.

The details of the Mach-Ze¢hnder interferometers 18 to 24
will be described later with reference to FIG. 2A, but the
Mach-Zechnder interferometers 18 to 24 are arranged 1n the
order of 18, 20, 22 and 24 from the side of the first optical
input/output ports 14a and 16a toward the second optical

input/output ports 145 and 165.
Additionally, the Mach-Zehnder interferometer 18 and the

first optical input/output ports 14a and 16qa are interconnected
by connection-use optical waveguides 14¢ and 16¢. Similarly,
the Mach-Zehnder interferometer 24 and the second optical
input/output ports 146 and 165 are interconnected by connec-
tion-use optical waveguides 144 and 164.

The structures of the Mach-Zehnder interferometers 18 to
24 are the same except with regard to which of the first optical
waveguide 14 and second optical waveguide 16 1s longer in
later-described bend waveguide sections 185 to 24b.

In the example shown 1n FIG. 1A, in the Mach-Ze¢hnder
interferometers 18 and 20, the optical path length of the first
optical waveguide 14 1s formed longer than the optical path
length of the second optical waveguide 16, and in the Mach-
Zehnder interferometers 22 and 24, the optical path length of
the second optical waveguide 16 1s formed longer than the
optical path length of the first optical waveguide 14. The first
and second optical waveguides 14 and 16 respectively include
straight waveguide regions that form directional couplers
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along a straight direction from the first optical input/output
ports 14a and 16a to the second optical input/output ports 145
and 16b. Moreover, ending point positions 1n the straight
direction from the straight waveguide regions on the front
side of the first and second optical waveguides 14 and 16 to
bend waveguide regions are the same positions. Further,
straight direction starting point positions from the bend
waveguide regions of the first and second optical waveguides
14 and 16 to the straight waveguide regions on the rear side
are the same positions. Consequently, 1n relation to each of
the Mach-Zehnder interferometers 18 to 24, AL represents an
optical path ditference between the first and second optical
waveguides 14 and 16 in the bend waveguide sections 185 to
24b, that 1s, “(optical path length of first optical waveguide
14)—(optical path length of second optical waveguide 16)”. In
this case, the absolute value of AL 1s constant regardless of the
Mach-Zehnder interferometers 18 to 24. That 1s, 1n the bend
waveguide sections 180 to 24b, the optical path differences
between the first optical waveguide 14 and the second optical
waveguide 16 are equal regarding all of the Mach-Zehnder
interferometers 18 to 24. It will be noted that all of the regions
of the bend waveguide sections 185 to 245 may be formed by
bend regions, or they may be partially partitioned into bend
regions and straight regions and formed. How the bend
waveguide sections 1856 to 24H are to be configured 1s a design
problem.

Further, this optical multiplexing/demultiplexing device
10 1s disposed with one or more each of a pair of two succes-
stve Mach-Zehnder interferometers where the sum of their
optical path differences becomes +2 AL or -2 AL and a pair of
two successive Mach-Zehnder interferometers where the sum
of their optical path differences becomes 0. In the example
shown 1n FIG. 1A, the former pair 1s the Mach-Zehnder
interferometers 18 and 20 and 22 and 24, and the latter pair 1s
the Mach-Zehnder interferometers 20 and 22.

The sum of the optical path differences 1n the pairs (18 and
20, 20 and 22, 22 and 24) of two successive Mach-Zehnder
interferometers 1s determined. Thus, 1n pair 18 and 20, the
sum of the optical path differences becomes 2 AL (=AL+AL).
In pair 20 and 22, the sum of the optical path differences
becomes 0 (=AL+(-AL)). Further, 1n pair 22 and 24, the sum
of the optical path differences becomes -2 AL (=(-AL)+(-
AL)). In other words, this optical multiplexing/demultiplex-
ing device 10 1s disposed with two pairs (18 and 20, 22 and 24)
of Mach-Zehnder interferometers where the sum of their
optical path differences becomes +2 AL or -2 AL and 1s
disposed with one pair (20 and 22) of Mach-Ze¢hnder inter-
terometers where the sum of their optical path differences
becomes 0.

The reason why the optical multiplexing/demultiplexing
device 10 1s disposed with one of more each of a pair of two
successive Mach-Zehnder interferometers where the sum of
their optical path differences becomes +2 AL or -2 AL (be-
low, also called a *bar state pair”’) and a pair of two successive
Mach-Zehnder interferometers where the sum of their optical
path ditferences becomes 0 (below, also called a “cross state
pair’) will be described below with reference to FIG. 7.

The inventors performed a simulation where the total num-
ber of pairs of the bar state pair and the cross state pair was
made constant and where the number of the bar state pair was
increased and reduced. As a result, 1t became apparent that the
more the number of the bar state pair increases, the more the
wavelength band of the bar state, 1n other words, a width Wb
of a flat portion of a peak of curve 1 1n FIG. 7, becomes wider.

It also became apparent that the more the number of the
cross state pair increases, the more the wavelength band of the
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cross state, 1n other words, a width of a flat portion Wc of a
peak of curve 2 1n FIG. 7, becomes wider.

Because of these facts, the wavelength bands of the bar
state and the cross state can be broadened to an extent that can
be practically allowed as a result of the optical multiplexing/
demultiplexing device 10 being disposed with at least one or
more each of the bar state pair and the cross state pair.

(Structure of the Mach-Zehnder Interferometers)

Next, referring to FIG. 2A to FIG. 2C, the structure of the
Mach-Zehnder interferometers will be described 1n detail
using the Mach-Zehnder mterferometer 18 as an example.
FIG. 2A 1s a plan diagram showing the waveguide structure of
the Mach-Zehnder interferometer 18 excluding the top layer
125 of the substrate 12. FIG. 2B 1s a cut end surface diagram
of a cut surface along line A-A of FIG. 2A. FIG. 2C 1s a cut

end surface diagram of a cut surface along line B-B of FIG.
2A.

Referring to FI1G. 2 A, the Mach-Zehnder interferometer 18

1s disposed with directional coupler sections 18a and 18a and
the bend waveguide section 185b.

The directional coupler sections 18a and 18a of the first
and second optical waveguides 14 and 16 are sections that
combine to form directional couplers, and these sections 18a
and 18a are sections where the first and second optical
waveguides 14 and 16 are arranged 1n parallel at a gap capable
ol optical coupling.

The bend waveguide section 185 1s a region between the
directional coupler sections 18a and 18a and, as has already
been described, 1s formed by combining a bend region where
the first and second optical waveguides 14 and 16 of different
lengths are curved into a predetermined shape and straight
regions. In the Mach-Zehnder interferometers 18 and 20, the
optical path length of the first optical waveguide 14 1s formed
longer than the optical path length of the second optical

waveguide 16 (see FIG. 1A).

It will be noted that the optical path difference AL between
the first and second optical waveguides 14 and 16 1n the bend

waveguide section 185 and a design of the bend waveguide
section 185H that achieves AL will be described later.

Further, referring to FIG. 2B and FIG. 2C, 1t will be under-
stood that, in the directional coupler sections 18a and the
bend waveguide section 186, the heights of the first and
second optical waveguides 14 and 16, that 1s, their lengths at
a right angle to the light propagation direction and perpen-
dicular to the main surface 12¢ of the substrate 12, are equal,
but the widths of the first and second optical waveguides 14
and 16, that 1s, their lengths at a right angle to the light
propagation direction and parallel to the main surface 12e of
the substrate 12, are different.

Further, 1n the bend waveguide section 185b, transverse
cross-sectional shapes of the first and second optical
waveguides 14 and 16 that are obtained by cutting 1n a plane

perpendicular to the light propagation direction are square
(see FIG. 2B). In other words, a width W1 and a height H1 are

equal.

In contrast, in the directional coupler sections 18a, trans-
verse cross-sectional shapes of the first and second optical
waveguides 14 and 16 are rectangular where the width 1s

narrower than in the bend waveguide section 185, so the
height H1 1s larger than a width W2.

Consequently, at the boundary portions between the bend
waveguide section 1856 and the directional coupler sections
18a, the widths of the first and second optical waveguides 14
and 16 change discontinuously.
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It will be noted that the difference in the widths of the
optical waveguides 1n the directional coupler sections 18a
and the bend waveguide section 185 will be described later.

(Regarding AL )

Next, the optical path difference AL between the first and
second optical waveguides 14 and 16 1n the bend waveguide
sections 185 to 245 of the Mach-Zehnder interferometers 18
to 24 will be described.

AL 1s determined in consideration of the wavelength of
light that the optical multiplexing/demultiplexing device 10 1s
to multiplex/demultiplex. Usually, 1n a Mach-Ze¢hnder inter-
terometer, the optical path difference 1n the bend waveguide
section 1s appropriately set with respect to the wavelength of
light that has been input, whereby the mput light can be
outputted 1n either a bar state or a cross state.

The bar state and the cross state will be more specifically
described with reference to FIG. 3. FIG. 3 1s a plan diagram
schematically showing the structure of a Mach-Zehnder inter-
ferometer M. In FIG. 3, the Mach-Zehnder interferometer M
1s disposed with two optical waveguides WG, and WG,. In
the optical waveguide WG, there are disposed an input port
IN, and an output port OUT,. Similarly, in the optical
waveguide WG, there are disposed an 1input port IN,, and an
output port OUT,.

Additionally, on the side of the input ports IN, and IN,, the
optical waveguides WG, and WG, are arranged 1n parallel so
as to be capable of optical coupling, and a directional coupler
HK, 1s formed. Similarly, on the side of the output ports
OUT, and OUT,, the optical waveguides WG, and WG, are
arranged 1n parallel so as to be capable of optical coupling,
and a directional coupler HK, 1s formed.

Between these directional couplers HK, and HK,,, there 1s
formed a bend waveguide section C that serves as a combi-
nation region of a bend region where the optical waveguides
WG, and W@, are curved and a straight region.

Here, AL represents the optical path difference in-the bend
waveguide section C of the Mach-Zehnder interferometer M.
This AL 1s given by (optical path length of optical waveguide
WG, )-(optical path length of optical waveguide WG,). Fur-
ther, light L whose wavelength 1n a vacuum 1s A 1s input from
the iput port IN,.

At this time, “outputted 1n a bar state” means that, 1n the
directional couplers HK, and HK,, the light L 1s outputted
from the output port OUT, of the optical waveguide WG;,
without power transition of the light L to the optical
waveguide WG, occurring.

Further, “outputted 1n a cross state” means that, in the
directional couplers HK, and HK,, the power of the light L
transitions to the optical waveguide WG, and the light L 1s
outputted from the output port OUT, of the optical waveguide
WG,.

It 1s known that whether the light L becomes a bar state or
a cross state 1s determined by the relationship between the
optical path difference AL 1n the bend waveguide section C
and the wavelength A of the light. That 1s, when the following
expression (2) 1s satisfied, the light L. becomes a cross state,
and when the following expression (3) 1s satisfied, the light L
becomes a bar state.

2 nAL/hN=2mmn (2)

2 anAL/A=2m+1)n (3)
Here, n 1s the refractive index of the optical waveguides WG,
and WG,. Further, m 1s a natural number.

Returning again to FIG. 1A, description will be performed
regarding the optical path difference AL 1n the optical multi-
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plexing/demultiplexing device 10. The optical multiplexing/
demultiplexing device 10 performs multiplexing/demulti-
plexing of light utilizing the aforementioned property of a
Mach-Zehnder interferometer.

Thatis, as shown 1n FIG. 1A, the optical path difference AL
in the bend waveguide sections 185 to 245b 1s set such that a
first light L, 1s outputted 1n a bar state and such that a second
light L, 1s outputted 1n a cross state. Thus, the optical multi-
plexing/demultiplexing device 10 becomes capable of per-
tforming multiplexing/demultiplexing of the first light L, and
the second light L.

Next, a method of designing the optical path difference 1n
the bend waveguide sections 185 to 245 will be described
listing actual numerical values.

Here, it will be assumed that the first light ., and the
second light L, are lights of wavelengths that are usually used
in an optical subscriber loop system. That 1s, 1t will be
assumed that a wavelength A, ,-of the first ight ., 1na vacuum
1s 1.3 um and that a wavelength A, ;- of the second light L, 1n
a vacuum 1s 1.49 um.

Further, n, (=2.53) represents the equivalent refractive
index of the first and second optical waveguides 14 and 16
regarding the first light L, and n, (=2.25) represents the
equivalent refractive index of the first and second optical
waveguides 14 and. 16 regarding the second light L,.

When these values are assigned to expression (2) and
expression (3) while keeping 1n mind that the first light L, 1s
outputted 1n a bar state and that the second light L, 1s output-
ted 1n a cross state, the following expression (4) and expres-
s1on (S5) are respectively obtained.

2 ALy =2 TAL/AS,=271x2.25 AL/1.49=2 7im (4)

2 s, AL/h, =2 AAL/h=271%x2.53 AL/1.3=(2m+1)n (5)

Here, A, represents the wavelength of the first light L., 1n
propagation through the first and second optical waveguides
14 and 16. Similarly, A, represents the wavelength of the
second light L, in propagation through the first and second
optical waveguides 14 and 16.

When the difference between expression (4) and expres-
s1on (35) 1s calculated, AL=1.15 um 1s obtained.

When AL (=1.15) that has been determined 1n this manner
1s assigned to expression (4) to determine m, m=1.729. Inci-
dentally, m has the condition that it 1s a natural number, and
when this condition 1s not satisfied, the second light L, does
not become a cross state. It 1s also possible to make m=2
precisely by the design of the waveguides, but in usual design,

the value of m 1s made into 2, which 1s the closest natural
number to 1.729 (m=2).

Because the value of m 1s determined by this, when m=2 1s
again assigned to expression (4) to determine AL, AL=1.32
wm. This 1s the final result.

In other words, by making the optical path difference AL 1n
the bend waveguide sections 186 to 245 in the Mach-Zehnder
interferometers 18 to 24 equal to 1.32 um, the firstlight L, can
be outputted 1n a bar state and the second light L., can be
outputted in a cross state. Thus, wavelength division of the
first light L, and the second light L, becomes possible.

(Regarding AL 1n the Case of a S1-Wire Waveguide)

In the section “(Regarding AL)”, the most common case
has been described regarding the method of calculating AL.
However, 1n a case where the wavelength dispersion of the
refractive index of the material that configures the optical
waveguides WG, and WG, 1s large, it 1s possible to simulta-
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neously establish the aforementioned expression (2) and
expression (3) by optimizing the dimensions of the optical
waveguides WG, and WG,

Here, as a material where the wavelength dispersion of the
refractive index of the material that configures the optical
waveguides WG, and WG, 1s large, for example, S1 can be
listed.

This point will be described 1n detail below.

As shown 1n FIG. 1A, AL 1s set such that the first light [,
(wavelength A, ;=1.3 um) 1s outputted 1n a bar state and such
that the second light L, (wavelength A,,=1.49 um) 1s output-
ted 1n a cross state. Consequently, the aforementioned expres-
sion (2) and expression (3) can be written as the following
expression (2) and (3)'.

2w AL/h ,=2mn (2)

2 AL/ p=(2m+1)n (3)'
Here, n, 1s the equivalent refractive index of an optical
waveguide that the light of the wavelength A, ;- experiences,
and n, 1s the equivalent refractive index of an optical
waveguide that the light of the wavelength A, ;- experiences.

When AL that simultaneously satisfies expression (2)" and
expression (3)' can be determined, the first light [, can be
outputted 1n a bar state and the second light L, can be output-
ted 1n a cross state.

For that reason, An=n,-n, and AA=A, A, ;-are substituted
and these An and AA are used to determine AL. First, when the
difference between expression (2) and expression (3)' 1s cal-
culated and transformed, the following expression (14) is
obtained.

DAL=k Ay y= AR (AN + sy AR (14)

In expression (14), the wavelength A, ;-1s made 1nto a ref-
erence wavelength A that 1s to be emphasized 1n terms of
design, andn_ (=n, ) represents the equivalent refractive index
ol an optical waveguide that the light of the reference wave-
length A experiences. Then, when expression (14) 1is
assigned to expression (2) and transformed, the following
expression (135) 1s obtained.

A/ =(1-ANA ) Qm)-ANL,. (15)

From expression (15), 1t will be understood that the design
condition of AL 1s determined by the ratios An/n_ and AA/A .
In other words, 1t suifices to find the mnteger m such that
expression (135) 1s satisfied.

Incidentally, 1n expression (15), AA and A_ become con-
stants 1n a case where the wavelengths of the first light L, and
the second light L, are already known. Thus, the only
unknown amount in expression (135) 1s An/n .

An and n_, can be determined from a simulation. FIG. 10
shows this simulation result. In FIG. 10, the left vertical axis
represents the equivalent refractive index n_, (non-dimen-
sional) of an optical waveguide that the light of the reference
wavelength A experiences. The right vertical axis represents
An (non-dimensional). The horizontal axis represents the
dimension (um) of an optical waveguide cut 1n a plane
orthogonal to the light propagation direction. It will be noted
that, 1n this simulation, the cross-sectional shape of the opti-
cal waveguide orthogonal to the light propagation direction 1s
square.

This simulation 1s one where the dimension of the optical
waveguide was changed and where the equivalent refractive
index n_, of the optical waveguide that the light of the refer-
ence wavelength A (=1.49 um) experiences and An_ were
calculated. From the result shown 1n FIG. 10, An/n_ can be
determined.
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FIG. 11 1s acharacteristic diagram where expression (15)1s
graphed. In FIG. 11, the vertical axis 1s An/n_ (non-dimen-
sional), and the horizontal axis 1s the dimension of the optical
waveguide. In FIG. 11 also, similar to FIG. 10, the cross-
sectional shape of the optical waveguide 1s square.

In FIG. 11, three horizontal lines are shown, and these are
values of An/n  that are obtained by respectively assigning the
values of m=1, 2, 3 to expression (15). Further, the curve 1n
FIG. 11 1s values of An/n  that are obtained trom FIG. 10.

Referring to FIG. 11, the horizontal line of m=2 and the
curve of An/n, that 1s obtained from FIG. 10 intersect at the
point where the dimension of the optical waveguide 1s about
0.35 um and where An/n_ 1s about 0.09. In other words, 1t will
be understood that expression (15) 1s satisfied at this point.

Incidentally, when expression (14) 1s transformed, the fol-
lowing expression (16) 1s obtained.

21 AL/, =2m=(1-ANA (AN +A/5.) (16)

Thus, AL that can simultaneously satisfy expression (2)
and expression (3)' can be determined by assigning An/n_
(=0.09) that has been obtained from FIG. 11 to expression
(16) together with other known amounts. When calculation 1s
actually performed using expression (16), AL=1.17 um 1s
obtained.

In this manner, in a case where the wavelength dispersion
of the refractive index of the material that configures the
optical waveguides WG, and WG, 1s large, such as 1n the case
of a Si-wire optical wavegmide, AL that strictly satisfies
expression (2) and expression (3) can be determined.

It will be noted that the above argument can also be applied
to an optical multiplexing/demultiplexing device that per-
forms multiplexing/demultiplexing of light of N wavelengths
(where N 1s an integer equal to or greater than 3). Here,
“multiplexing/demultiplexing light of N wavelengths” means
outputting light of (N-1) wavelength (where 1 1s an integer
such that 1=1=N-1) 1n a cross state and outputting light of 1
wavelength 1n a bar state.

In this case, at both ends of the optical multiplexing/de-
multiplexing device, the difference in the order of interfer-
ence of the wavelengths becomes larger than 1. Thus, 1n this
case, expression (2) and expression (3)' can be written 1n a
more common way as in the following expression (17).

2 WAL= i(m+Am) (17)

Here, A, represents the wavelength of light that 1s to be
multiplexed/demultiplexed and i1s arranged such that the
wavelength becomes shorter the larger that j 1s (where 7 1s an
integer such that 1 =j=N). Further, n, 1s the equivalent refrac-
tive index of an optical waveguide that the light whose wave-
length 1s A; experiences. Am 1s a value that 1s given by 2-N.

When calculation 1s performed using expression (17), the
aforementioned expression (15) and expression (16) can be
respectively transformed into the following expression (15)
and expression (16)' 1n the case of N wavelengths.

Ans, =Am(1-ANA Y (2m)-ANA, (15

21 AL/, =2m=Am{1—ANA (AN +An/m) (16

Thus, by the same argument as mentioned above, the value
of AL that enables the multiplexing/demultiplexing of light of
N wavelengths can be determined from expression (15)" and
expression (16)" in a case where the wavelength dispersion of
the refractive index of the material that configures the optical
waveguides WG, and WG, 15 large.

(Design of the Bend Waveguides that Achieves AL)
Referring to FIG. 4A, a method of designing the first and
second optical waveguides 14 and 16 for achieving the afore-
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mentioned optical path difference AL 1n the bend waveguide
sections 185 to 24b will be described. FI1G. 4A 1s-an enlarged
plan diagram of relevant portions of a bend waveguide sec-
tion. It will be noted that, because the shapes of the bend
waveguide sections 186 to 245 are the same, 1n the following
description, description will be performed using the bend
waveguide section 225 as an example.

The bend waveguide section 225 15 designed connecting
straight waveguides, that 1s, straight regions, and curve
waveguides, that 1s, bend regions, that have uniform radi of
curvature.

That 1s, as shown 1n FIG. 4, the first optical waveguide 14
in the bend waveguide section 225 1s configured 1n the order
of a curve waveguide 50a, a curve waveguide 505, a straight
waveguide 50c, a curve waveguide 304 and a curve
waveguide 50e from the side of the first optical input/output
port 14a.

Here, 1n the curve waveguides 50a, 5056, 504 and 50¢, a
radius of curvature R and an arc slope angle 0 are equal.
Further, the length of the straight waveguide 50c¢ 1s geometri-
cally determined as AL cos 0/(1-cos 0) using the arc slope
angle 0 and the optical path difference AL between the first
and second optical waveguides 14 and 16 in the bend
waveguide section 22b.

Similarly, the second optical waveguide 16 1n the bend
waveguide section 225 1s configured 1n the order of a curve
waveguide S1a, a straight waveguide 515, a curve waveguide
51c¢, a straight waveguide 51d and a curve waveguide Sle
from the side of the first optical input/output port 16a.

Here, 1n the curve waveguides 51a and 51e, the radius of
curvature R and the arc slope angle 0 are equal. Further, the
radius of curvature of the curve waveguide 51c 1s R and the
arc slope angle 1s 20. It will be noted that R and 0 in the
alorementioned first optical waveguide 14 and R and 0 in the
second optical waveguide 16 are respectively the same val-
ues.

Further, the lengths of the straight waveguides 515 and 51d
are geometrically determined as (AL/2)/(1-cos 0) using the
arc slope angle 0 and the optical path difference AL between
the first and second optical waveguides 14 and 16 in the bend
waveguide section 225b.

In order to determine R and 0 in the bend waveguide
section 2254 of this structure, there will be considered a con-
dition where intensity loss of light that propagates through the
bend waveguide section 225 becomes a minimum.

Here, o, represents intensity loss of light per unit length in
the curve waveguides 50a, 505, 50d, 50¢e, 51a, 51c and 5le.
Further, o . represents intensity loss of light per unit length of
the straight waveguides 50c¢, 515 and 514d.

Moreover, A ,» represents imtensity loss of light at the joint
portion between the curve waveguide 506 and the straight
waveguide 50c, the joint portion between the straight
waveguide 50c¢ and the curve waveguide 504, the joint portion
between the curve waveguide 51q and the straight waveguide
51b, the joint portion between the straight waveguide 515 and
the curve waveguide 51c¢, the joint portion between the curve
waveguide 51c¢ and the straight waveguide 51d, and the joint
portion between the straight waveguide 514 and the curve
waveguide Sle.

Further, o, represents itensity loss of light at the joint
portion between the curve waveguides 50a and 5056 and the
joint portion between the curve waveguides 504 and 30e.

At this time, a sum o, [, , of intensity loss of light of the
first optical waveguide 14 1n the bend waveguide section 2256
1s given by the following expression (6). It will be noted that,
here, L,, represents the total length of the first optical
waveguide 14 1n the bend waveguide section 2256, and o4
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represents intensity loss per unit length of the first optical waveguide 14 in the

bend waveguide section 225.

Cf.14L 14:{1R4R6+(C15M cOs 6)/(1—@08 6)+2[1JRS+2[1JRR (6)

Further, a sum «, 4L, of intensity loss of light of the
second optical waveguide 16 1n the bend waveguide section
22b 15 given by the following expression (7). It will be noted
that, here, L, . represents the total length of the second optical
waveguide 16 1n the bend waveguide section 225, and o,
represents intensity loss per unit length of the second optical
waveguide 16 1n the bend waveguide section 225b.

C116Llﬁ=C1R4RB+(CISM)/(1—CGS e)+4ﬂJRS (7)

It 1s known that, usually, intensity loss of light in the curve
waveguides 50a, 505, 504, 50e, 51a, 51¢ and 51¢ becomes
larger the smaller that the radius of curvature R becomes.
Consequently, from expression (6) and expression (7), 1t 1s
suggested that there exists O where intensity loss of light
becomes a minimum.

Thus, 1n the bend waveguide section 225, a condition that
minimizes intensity loss of light regarding the second optical
waveguide 16 1s determined from expression (7). It will be
noted that the reason that the condition of minimizing inten-
sity loss of light 1s determined regarding the second optical
waveguide 16 rather than the first optical waveguide 14 1s
because the optical path length of the second optical
waveguide 16 1s longer than the optical path length of the first
optical waveguide 14 and, consequently, intensity loss of
light 1s larger 1n the second optical waveguide 16 than 1n the
first optical waveguide 14.

That 1s, the following expression (8) 1s obtained as a con-
ditional expression that minimizes intensity loss of light by
differentiating expression (7) by 0.

d(ct L6 d(0)=apdR—(aAL sin 6)/(1—cos 0)°=0 (8)

When expression (8) 1s transformed, the following expres-
s1on (9) 1s obtained.

R/AL=(0¢/az)xsin 6/{4(1-cos )} (9)

As will be understood from expression (9), the condition
that minimizes intensity loss of light becomes a relationship
between 0 and a standardized radius of curvature R/AL.

FIG. 5 shows, regarding a case where a./a,=1, the rela-
tionship (curve 1) between 0 and R/AL of expression (9) and
the relationship (curve 2) between 0 and the total length
L, /AL of the standardized second optical waveguide 16 that
has been determined assigning the value of R/AL that has
been obtained from this relationship to expression (7).

In FIG. 5, the left vertical axis represents R/AL (non-
dimensional), and the right vertical axis represents L, /AL
(non-dimensional). The horizontal axis represents O (de-
orees ).

Incidentally, as 1s conventionally known, a practical radius
of curvature R, where intensity loss o, of light per unit length
in a curve waveguide and intensity loss o of light per unit

length 1n a straight waveguide become substantially equal, 1s
equal to or greater than 5 um.

Thus, when R/AL 1s determined using 5 um as R and using
AL (=1.32 um) that has been determined in the section “(Re-
garding AL)” and this 1s applied to curve 1 o FI1G. 5, 0 that can

minimize intensity loss oL, of light 1s determined to be
about 30°.

Further, when 0=30° and AL=1.32 um are applied to curve
2 of FIG. 5, the total length L, . of the second waveguide 16
that minimizes mtensity loss a., <L, s of light 1s determined to
be about 26 um.
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In order words, even when the lengths of the directional
coupler sections 18a to 24a are taken 1nto consideration, the
total length of the optical multiplexing/demultiplexing device
10 can be controlled to about 200 pm.

(Regarding the Widths of the Optical Waveguides in the
Directional Coupler Sections and the Bend Waveguide Sec-
tions)

In the section “(Structure of the Mach-Zehnder Interfer-
ometers)”, the width W2 of the optical waveguides 1n the
directional coupler sections 18a to 24a was described as
being slightly smaller than the width W1 of the optical
waveguides 1n the bend waveguide sections 186 to 245. The
reason for this 1s to make the optical multiplexing/demulti-
plexing device 10 polarization-independent.

It 1s known that, 1n order to ensure that polarization depen-
dence does not arise 1n the bend waveguide sections 186 to
24b that are configured as channel type waveguides, it 1s good
for the transverse cross-sectional shapes (shapes of cut sur-
face perpendicular to the light propagation. direction) of the
first and second optical waveguides 14 and 16 to be square.

Based on this, the transverse cross-sectional shapes of the
first and second optical waveguides 14 and 16 that configure
the bend waveguide sections 185 to 245 are made into squares
of, preferably for example, 0.3 umx0.3 um.

By designing the dimension of the transverse cross-sec-
tional shapes of the bend waveguide sections 185 to 245 1n
this manner, 1n the bend waveguide sections 185 to 245, the
first and second optical waveguides 14 and 16 become polar-
1zation-independent and function as single mode waveguides
with respect to the first light L, and the second light L.

In order to make the directional coupler sections 18a to 24a
polarization-independent, 1t 1s necessary to adjust the trans-
verse cross-sectional shapes of the first and second optical
waveguides 14 and 16 and the coupling lengths (lengths along
the light propagation direction) of the directional coupler
sections 18a to 24a.

More specifically, the inventors performed a simulation
changing the coupling lengths and the widths of the first and
second optical waveguides 14 and 16 regarding the second
light L, of the wavelength A, ,- (=1.49 um) and determined a
coupling length and a waveguide width where the directional
coupler sections 18a to 24a become polarization-indepen-
dent.

FIG. 6A and FIG. 6B show that simulation result. In both
FIG. 6 A and FIG. 6B, the vertical axis represents the coupling
length (um) and the horizontal axis represents the width (um)
of the first and second optical waveguides 14 and 16.

Further, FIG. 6 A shows a case where the gap between the
first and second optical waveguides 14 and 16 1s 0.3 um, and
FIG. 6B shows a case where the gap between the first-and
second optical waveguides 14 and 16 1s 0.35 um.

Further, 1n FIG. 6A and FIG. 6B, curve 1 indicated by the
solid line represents the relationship between waveguide
width and coupling length relating to TE polarization, and
curve 2 indicated by the chain line represents the relationship
between waveguide width and coupling length relating to TM
polarization.

It will be noted that, in both FIG. 6A and FIG. 6B, the

simulation was performed with a height H of the first and
second optical waveguides 14 and 16 being, similar to the
bend waveguide sections 185 to 245, 0.3 um.

Referring to FIG. 6A, it will be understood that, in the
directional coupler sections 18a to 24a, when the gap
between the first and second optical waveguides 14 and 16 1s
0.3 um, curves 1 and 2 intersect at the point where the cou-
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pling length (vertical axis) 1s about 13 um and where the
waveguide width (horizontal axis) 1s about 0.28 um.

Further, referring to FIG. 6B, 1t will be understood that, 1n
the directional coupler sections 18a to 24a, when the gap
between the first and second optical waveguides 14 and 16 1s
0.35 um, curves 1 and 2 intersect at the point where the
coupling length (vertical axis) 1s about 21 um and where the
waveguide width (horizontal axis) 1s about 0.287 um.

This means that the directional coupler sections 18a to 24a
become polarization-independent at these points of 1intersec-
tion between curve 1 and curve 2. However, when FIG. 6 A
and FIG. 6B are compared with each other, 1t will be under-
stood that polarization dependence 1s smaller when the gap
between the first and second optical waveguides 14 and 16 1s
0.3 um than when the gap between the first and second optical
waveguides 14 and 16 1s 0.35 um because the inclinations of
both curve 1 and curve 2 are more gradual in FIG. 6 A than in
FIG. 6B.

Thus, when dimensional error at the time of manufacture of
the directional coupler sections 18a to 24a 1s taken into con-
sideration, even when the dimension 1s off somewhat, FIG.
6A, where there 1s little shift from the optimum condition
(where the gap 15 0.3 um), 1s more advantageous in terms of
design.

It will be noted that the reason that design of the directional
coupler sections 18a to 24a was performed focusing on the
second light L., of the wavelength A, -1n this simulation waill
be described below.

When the first and second optical waveguides 14 and 16 are
formed by single crystal silicon, in comparison to when they
are formed by quartz, 1n the wavelength range (1.3 to 1.49
um) used 1 an ONU, the wavelength dependence of the
directional coupler sections 18a to 24q 1s large, and a differ-
ence ol about 4 times arises 1n the coupling length. In other
words, coupling 1s extremely weak 1n the first light L, of the
wavelength A, ;-(1.3 um) 1n comparison to the second light L,
of the wavelength A,;-(1.49 um).

Thus, 1t 1s advantageous 1n terms of design for the first light
L,, whose coupling 1s weak, to be outputted in a bar state.
When designed in this manner, 1t 1s necessary for the second
light L, to be outputted 1n a cross state. Incidentally, 1t 1s
known that, usually, 1n a Mach-Zehnder interferometer, it 1s
necessary to strictly design the coupling length 1n order to
output a cross state with a good extinction ratio. On the other
hand, 1t 1s known that a bar state 1s outputted with a good
extinction ratio even when the coupling length 1s not strictly
designed.

This 1s the reason why design of the directional coupler
sections 18a to 24a was performed only in regard to the
second light L,.

(Operation)

Referring again to FIG. 1A, operation of the optical mul-
tiplexing/demultiplexing device 10 of this exemplary
embodiment will be described.

First, a case will be considered where the first light L,
(wavelength A, ,=1.3 um) and the second light L, (wave-
length A,,=1.49 um) are put to the optical multiplexing/
demultiplexing device 10 from the first optical input/output
port 14a.

In this case, the first light [, 1s outputted 1n a bar state, that
1s, Irom the second optical input/output port 145. On the other
hand, the second light L, 1s, as mentioned above, outputted in
a cross state, that 1s, from the second optical input/output port
165.

In a case where the optical multiplexing/demultiplexing
device 10 1s used as an ONU, the first light L, 1s an uplink
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signal from the subscriber loop to the station and the second
light [, 1s a downlink signal from the station to the subscriber

loop.

In this case, the first light L, (uplink signal) that has been
input from the second optical input/output port 145 1s output-
ted from the first optical input/output port 14a 1n a bar state.
Further, the second light L, (downlink signal) that has been
input from the first optical input/output port 14a 1s outputted
from the second optical imnput/output port 165 1n a cross state.

Next, referring to FIG. 7, operating characteristics of the
optical multiplexing/demultiplexing device 10 of this exem-
plary embodiment will be described. FIG. 7 1s a simulation
result of the operating characteristics. The vertical axis rep-
resents the ratio (non-dimensional) of output intensity with
respect to iput intensity of the bar state and the cross state,
and the horizontal axis represents the wavelength of light that
has been mput to the optical multiplexing/demultiplexing,
device 10. Further, 1n FIG. 7, curve 1 indicated by the solid
line represents the bar state, and curve 2 indicated by the chain
line indicates the cross state.

The optical multiplexing/demultiplexing device 10 that
was used in the simulation was, except for the following
points, designed with the dimensions that have been
described i1n the sections “(Structure)” to “(Regarding the
Widths of the Optical Waveguides 1n the Directional Coupler
Sections and the Bend Waveguide Sections)”.

(1) Micro-adjustment of Coupling Length of Directional
Coupler Sections 18a to 24a

In the vicinities of the joint portions between the direc-
tional coupler sections 18a to 24a and the bend waveguide
sections 186 to 245, the first and second optical waveguides
14 and 16 that configure the bend waveguides 185 to 245 end
up approaching each other as far as a distance where they are
capable of optical coupling. For that reason, the coupling
length of the directional coupler sections 18a to 24a was
adjusted to a short 11.6 um.

(2) The optical path difference AL between the first and
second optical waveguides 14 and 16 1n the bend waveguide
sections 186 to 245 was made into 1.344 um.

This 1s because, taking into consideration the, equivalent
refractive index of the first and second optical waveguides 14
and 16 that are made of single crystal silicon, the optical path
difference AL was adjusted such that the first light L, (wave-
length A,;=1.3 um) and the second light L, (Wavelength
A, =1 49 um) respectively become center Wavelengths in the
bar state and the cross state.

Referring to FI1G. 7, 1t will be understood that, 1n both the
bar state 1n the vicinity of wavelength 1.3 um and the cross
state 1n the vicinity of 1.49 um, wavelength division 1s per-
tormed 1n a broad wavelength range. The wavelength band for
which wavelength division 1s completely performed 1s about
50 nm, and 1t 1s possible to completely absorb wavelength
fluctuation of the light source and manufacturing error of the
optical multiplexing/demultiplexing device 10.

Further, output light of an intensity that 1s substantially
equal to the intensity of the mput light can be obtained.

(Effects)

(1) The optical multiplexing/demultiplexing device 10 of
this exemplary embodiment can, as shown in FIG. 7, perform
multiplexing/demultiplexing of the first light L., and the sec-
ond light L, virtually without causing crosstalk.

(2) Further, as shown 1n FIG. 7, the optical multiplexing/
demultiplexing device 10 of this exemplary embodiment can
reduce loss of light intensity 1n comparison to convention.
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(3) Further, the optical multiplexing/demultiplexing
device 10 has a total length of about 200 um and 1s compact in

comparison to a conventional S1-made Mach-Zehnder type of
ONU.

(Design Conditions, Modifications, Etc.)

(1) In this exemplary embodiment, a case has been
described where the four Mach-Zehnder interferometers 18
to 24 were connected 1n series. However, the number of the
Mach-Zehnder interferometers that configure the optical
multiplexing/demultiplexing device 10 1s not limited to four.

As long as the optical multiplexing-demultiplexing device
10 1s disposed with one or more each of the bar state pair and
the cross state pair, there 1s no limitation on the number of
those Mach-Zehnder interferometers. For example, as shown
in FIG. 8 A, the number of the Mach-Zehnder interferometers
may also be three. In this case, one each of the bar state pair
and the cross state pair are disposed.

Further, as shown in FIG. 8B, the number of the Mach-
Zehnder interferometers may also be six. In this case, three of
the bar state pairs and two of the cross state pairs are disposed.

(2) In this exemplary embodiment, a case has been
described where, at the boundary portions between the bend
waveguide sections 185 to 245 and the directional coupler
sections 18a to 24a, the widths of the first and second optical
waveguides 14 and 16,were changed discontinuously from
W1 to W2. In this design also, intensity loss of light can be
controlled at a practically sufficient level. However, i order
to reduce 1ntensity loss of loss even more, it 1s preferred that
the widths of the first and second optical waveguides 14 and
16 are changed smoothly 1n a tapered manner at the boundary
portions.

(3) As described in the section “(Design of the Bend
Waveguides that Achieves AL)”, 1n this exemplary embodi-
ment, the bend waveguide sections 1856 to 2456 of the Mach-
Zehnder interferometers 18 to 24 were formed by straight
waveguides and curve waveguides that have uniform radi of
curvature.

However, the bend waveguide sections 185 to 24bmay also
be designed combining curve waveguides with different radii
ol curvature.

More specifically, a bend waveguide section 6056 of a
Mach-Zehnder interferometer 60 that configures the optical
multiplexing/demultiplexing device 10 may also be designed
as shown 1n FIG. 9.

That 1s, this Mach-Zehnder interferometer 60 1s configured
by a first optical waveguide 62 and a second optical
waveguide 64. Additionally, directional coupler sections 60a
and 60q and the bend waveguide section 605 are formed by
these first and second optical waveguides 62 and 64.

The first optical waveguide 62 in the bend waveguide sec-
tion 605 1s configured 1n the order of a curve waveguide 66aq,
a curve waveguide 660, a curve waveguide 66¢ and a curve
waveguide 66d.

Here, in the curve waveguides 66a to 664, a radius of
curvature R, and an arc slope angle 0., are equal.

The second optical waveguide 64 in the bend waveguide
section 605 1s configured 1n the order of a curve waveguide
68a, a curve waveguide 68b, a curve waveguide 68¢ and a
curve waveguide 68d.

Here, 1n the curve waveguides 68a to 68d, a radius of
curvature R, (#R,) and an arc slope angle 0, (#0,) are equal.

In this bend waveguide section 605, the method of design-
ing the first and second optical waveguides 62 and 64 for
achieving the optical path difference AL coniforms to the
method that has been described 1n “(Design of the Bend
Waveguides that Achieves AL)”.
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That 1s, regarding the second optical waveguide 64 whose
optical path length 1s long, intensity loss oL, of light in the
bend waveguide section 6056 1s considered. Here, L., repre-
sents the total length of the second optical waveguide 64 in the
bend waveguide section 600, and o, represents intensity loss 3
per unit length of the second optical waveguide 64 1n the bend
waveguide section 605. This intensity loss o1, 15 given by
the following expression (10).

ﬂﬁdLﬁ4zﬂR14R161:ﬂR1{M+4R2 Siﬂ_l(Rl Siﬂ el/Rz)}‘F
40 7pp 10y 10

Here, ., represents intensity loss of light per unit length in
the curve waveguide sections 68a to 68d. Further, o ;5 rep-
resents itensity loss of light in the joint portion between the
curve waveguides 68a and 685, the joint portion between the
curve waveguides 68b and 68¢, and the joint portion between
the curve waveguides 68¢ and 68d.

From FIG. 9, 1t will be understood that, when R, 1s made
infinite, the optical path difference AL 1s efficiently obtained.
Thus, 1n expression (10), by making R, infinite, the following
expression (11) 1s obtained.

15
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[154"[’54:{1}21 (M+4Rl Siﬂ 61)+4C1JRR ( 1)

Incidentally, in the bend waveguide section 605, the
lengths at which the first and second optical waveguides 62
and 64 are projected on the central axis of the Mach-Zehnder

interferometer must be equal, so the following expression
(12) 1s obtained.

R,=AL/{4(0,~sin0,)} (12)

25

When expression (12) is assigned to expression (11), the 3Y
following expression (13) 1s obtained as a final result.

CIMLMZ{IRIM{GI/(GI—SIH 61)}+4{I’JRR (13)

From expression (13), 1t will be understood that the inten-
sity loss o,1 ., of light changes with respect to the arc slope 35
angle 0. Further, 1t will be understood that 1t 1s preferred that
the arc slope angle 0, 1s large and that the intensity loss
Ueal g, OF l1ight becomes the smallest when 0,=m/2.

What 1s claimed 1s:

1. An optical multiplexing/demultiplexing device compris- 40
ng:

a substrate; and

first and second optical waveguides that are arranged in

parallel and formed on the substrate, with one end of
cach of the first and second optical waveguides being 45
configured as a first optical mput/output port and the
other end of each of the first and second optical
waveguides being configured as a second optical input/
output port,

wherein 50

the first and second optical waveguides between the first

and second optical input/output ports include three or
more Mach-Zehnder interferometers 1n series,

multiplexed light comprising at least first light and second

light whose wavelengths are different and which 1s mput 55
to either one of the first optical input/output ports 1is
separated by wavelength and outputted from each of the
second optical input/output ports of the first and second
optical waveguides,

the absolute value of an optical path difference AL with 60

respect to light that propagates through the first and
second optical waveguides in each of the Mach-Zehnder
interferometers 1s constant, and

the three or more Mach-Zehnder interferometers include at

least one pair of successive Mach-Zehnder interferom- 65
eters where the sum of optical path differences of the two
interferometers becomes +2AL or —2AL and at least one
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pair of successive Mach-Zehnder interferometers where
the sum of optical path differences of the two interfer-
ometers becomes O.

2. The optical multiplexing/demultiplexing device of claim
1, wherein when A, and A, (A,>A. ) respectively represent the
wavelengths of the first light and the second light 1nside the
first and second optical waveguides, the optical path differ-
ence AL 1s given by the following expressions

AL=(2m+1)xi; and AL=2mx M, (where m 1s a natural
number).

3. The optical multiplexing/demultiplexing device of claim
2, wherein the first light 1s outputted 1n a bar state from one of
the second optical mput/output ports and the second light 1s
outputted 1n a cross state from the other of the second optical
input/output ports.

4. The optical multiplexing/demultiplexing device of claim
1, wherein the first and second optical waveguides are formed
using S1 as a material.

5. The optical multiplexing/demultiplexing device of claim
1, wherein

cross-sectional shapes, orthogonal to the light propagation
direction, of the first and second optical waveguides that
form bend waveguide sections of the Mach-Zehnder
interferometers are substantially square, and

cross-sectional shapes, orthogonal to the light propagation
direction, of the first and second optical waveguides that
form directional coupler sections of the Mach-Zehnder
interferometers are substantially rectangular where the
length 1n a direction perpendicular to a main surface of
the substrate 1s longer than the length 1n a direction
parallel to the main surface of the substrate.

6. The optical multiplexing/demultiplexing device of claim
5, wherein the bend waveguide sections are formed by a
straight waveguide and by a plurality of curved waveguides
whose radu1 of curvature are equal.

7. The optical multiplexing/demultiplexing device of claim
2, wherein the optical path difference AL 1s determined uti-
lizing the wavelength dependence of the equivalent refractive
index of the material that forms the first and second optical
waveguides.

8. The optical multiplexing/demultiplexing device of claim
7, wherein the material that forms the first and second optical
waveguides 1s Si.

9. The optical multiplexing/demultiplexing device of claim
7, wherein when AA represents the wavelength difference
between the first light and the second light, An represents the
equivalent refractive index difference between the first and
second optical waveguides that the first light and the second
light experience, and m 1s a positive mteger, the following
expression 1s satisiied

An/r=(1=ANM Y (2m)=AN A,

and the optical path difference AL satisfies the following
expression

21, AL A= (1AM (AN M+ An/15)

where n, 1s the equivalent refractive index of an optical
waveguide that the second light experiences.

10. An optical multiplexing/demultiplexing device com-
prising:
a substrate; and
first and second optical waveguides that are arranged 1n
parallel and formed on the substrate, with one end of

cach of the first-and second optical waveguides being
configured as a first optical iput/output port and the
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other end of each of the first and second optical
waveguides being configured as a second optical input/
output port,

wherein

the first and second optical waveguides between the first
and second optical input/output ports include three or
more Mach-Zehnder interferometers 1n series,

multiplexed light of N wavelengths (where N 1s an integer

such that N=3) whose wavelengths are different and 1

which 1s mput to either one of the first optical mput/
output ports 1s separated by wavelength and outputted as
light of (N—1) wavelength (where11s an integer such that
1 =1=N-1) from the second optical input/output port of
the first optical waveguide, and light of 1 wavelength 1s
outputted from the second optical mput/output port of
the second optical waveguide,

whenm 1s, an integer equal to or greater than 1, the absolute
value of an optical path difference AL with respect to

22

light that propagates through the first and second optical
waveguides 1n each of the Mach-Zehnder interferoms-
eters 1s constant,

the three or more Mach-Zehnder interferometers include at
least one pair of successive Mach-Zehnder interferoms-
cters where the sum of optical path differences of the two
interferometers becomes +2AL or —2AL and at least one

pair of successive Mach-Zehnder interferometers where
the sum of optical path differences of the two interter-

ometers becomes 0, and
Anm =Am(1-ANA ) (2m)-AN A, and

2n AL/ =2m=Am(1-ANN )/ (AN N +AN/m,)

are simultaneously satisfied,

where Am 1s an integer that 1s given by 2-N, A 1s a refer-
ence wavelength, and n_ 1s the equivalent refractive
index of an optical waveguide that light of the reference
wavelength experiences.

G ex x = e



	Front Page
	Drawings
	Specification
	Claims

